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experiments (load and displacement ductility).
116
This review is organised thematically by geometry of the tested beam-column joint specimens 117 (exterior, interior or corner joints), as well as the main strengthening objective (joint shear 118 strengthening, column strengthening, beam strengthening, or multi-objective retrofit). Every major 
137
For an "X"-configuration of unidirectional GFRP wrapped diagonally around the joint (T9), using steel 138 angles to ease the FRP-application, initial damage is transferred to the beam, however, as the FRP 139 debonds, the joint still fails in shear. An increase in ductility similar to T2R is achieved, with a slightly 140 lower increase in energy dissipation. The results would suggest that adequate anchorage to resist 141 particularly highlighted by these experiments.
143
Compared to a joint designed to modern Canadian RC guidelines (CSA A23.3 1994), 80% of the 144 displacement ductility and 90% of the load capacity can be achieved by the best retrofit, however with 145 about half the energy dissipation (Said and Nehdi 2004) .
146
Antonopoulos and Triantafillou (2003) designed 18 2/3-scale exterior joints to fail in shear, so 147 as to assess the relative contribution of different retrofit parameters on their shear capacity. In all 148 retrofits, FRP is placed on the joint along the vertical and horizontal axis in a T-shape and delayed 149 shear failure is observed. Using an equivalent amount of GFRP results in slightly better energy 150 dissipation and shear strength (+45%) compared to CFRP (+41%), likely due to its higher rupture 151 strain, as fracture is observed for the CFRP sheet. An increase in number of FRP layers is also found 152 to enhance strength and energy dissipation, but not proportionally. Specifically, doubling the number 153 of horizontal layers (F21) is found to achieve a higher strength increase (+65%), than in the vertical 154 direction (F12, +15%), compared to a single-layer retrofit (F11).
155
Doubling the applied axial load in F22A, is found to be an important factor (+22% of strength), due to 156 enhanced joint confinement. Bond properties are shown to be equally important, as in all unanchored 157 retrofits, debonding is observed. Using FRP wraps for anchorage (F22W), achieves significant shear 158 strength enhancement (+24%) compared to an unanchored counterpart F22. The effect of anchorage 159 is dramatically stronger (+250%) for an FRP-strip retrofit anchored with steel plates (S33L). This can 160 be attributed to the weaker bond properties of FRP strips compared to sheets.
161
Other important factors for retrofit effectiveness are reinforcement detailing and geometry, with just 162 one joint shear stud significantly reducing the effectiveness of the retrofit (-48%). For specimens with 163 a stub transverse beam, the efficiency of the retrofit is significantly reduced (up to -78%), as FRP 164 cannot be fully applied to both sides of the joint panel. This indicates that results of retrofit efficiency 165 inferred from scaled specimens with simplified geometry may not be transferrable to actual structures.
166
The effect of the steel shear reinforcement in the joint is the objective of Karayannis and 
178
For the "T"-shaped configuration, CFRP sheets are applied on two sides of the joint, extended onto 179 column and beam. Additional "L"-shaped FRP sheets are applied at the corners between beams and 180 columns to prevent bar-slippage and delay crack opening, with anchorage strips at column-ends
181
and/or beam-ends. Delamination is observed for all specimens but delayed for specimens with
182
anchorage strips compared to the non-anchored specimen (RNS-1). This leads to higher ductility, up 183 to three times the control specimen. For specimen RNS-5 with beam-end anchorage, debonding near 184 the joint is observed rather than the beam-end, leading to a low strength increase (+11%). Strip
185
anchorage at the extremities only is hence not sufficient and further strips, or mechanical anchorage, 186 would be required. Compared to a seismically designed specimen, only specimen RNS-6, with two 187 FRP-layers, achieves a higher strength increase (+32% vs +22%).
188
The "X"-shaped configuration with fibres at 45° on three sides of the joint (RNS-3 and RNS-4) is found 189 to be most effective in increasing ductility, with a five-fold increase compared to the control specimen.
190
Compared to Ghobarah's (2002) retrofit, diagonal wrapping is extended onto the columns, which 191 creates better anchorage, hence preventing debonding. Additional "L"-shaped strips without 192 anchorage in specimen RNS-4 only achieve a delay in the onset of failure, however early debonding 193 reduces its effectiveness at higher drift ratios. In terms of strength, the improvement is less significant 194 than for the T-shaped retrofit, with a similar increase is obtained for both X-shaped retrofitted joints
195
(+17% and +16%). 
222
Three full-scale specimens with different amounts of U-shaped CFRP in the joint (one, three and six 223 layers) are then tested. While the retrofits with lower amounts of FRP achieve delaying joint shear 224 failure, only with six layers of FRP a successful change to beam hinging is observed. The increase in 225 strength and ductility observed is not proportional to the amount of FRP used. With one (+84% in 226 specimen with six layers of FRP (+140%), no debonding or rupture is seen.
228
While the increase in strength employing this joint shear strengthening strategy is significant, it is 229 highly impractical in real structures with transverse beams, walls or slabs present, which prevent the 230 placement and continuity of the additional circular covers. Moreover, the effect of the additional 231 concrete covers alone is not assessed by the authors of the study. This would however allow a fairer 232 assessment of the effectiveness of the FRP intervention.
233
This section presented arguably the most prominently featured retrofit objective in the field, shear 234 strengthening of two-dimensional exterior joints. As highlighted in Fig. 1 , the suggested retrofits in this 235 section can be split into four groups:
236
• the U-shaped configuration, wrapping the joint horizontally using U-shaped FRP;
237
• the T-shaped configuration, applying FRP in horizontal and vertical directions in the joint;
238
• the X-shaped configuration, applying the FRP in the diagonal of the joint, following the angle 239 of principle stress.
240
• Application of bi-or quadri-axial FRP in the joint, similarly to the X-shaped configuration.
241
A main observation from all experiments is the need for anchorage. For U-shaped configurations, 
247
layers on the strength of retrofitted joints is more important than that of vertical layers. The effect of 248 axial load is also found to be a critical parameter.
249
Comparing X-shaped retrofits with U-shaped or T-shaped retrofits, despite having the fibres oriented 250 in the axis of principle stress, a reduced strength enhancement is found by Ghobarah and Said (2002) 
251
and Le-Trung et al. (2010) . In both cases, this may however be associated to debonding problems for 252 the X-shaped configuration. In practical terms, retrofits with horizontal and vertical sheets of FRP are 253 easier to anchor, as they can be anchored on beams and columns using steel anchors or FRP 254 wrapping.
255
Hadi and Tran (2016) proposed a highly successful retrofit scheme, which consists of adding concrete 256 covers to render the joint cross-section rounder before applying U-shaped FRP-wrapping. While the 257 retrofit is the most effective in terms of strength increase (+140%), it´s applicability to real structure is 258 debatable. Generally, practical applicability of the retrofit schemes presented in this section is limited 259 to structures without RC slabs or transverse beams, as these would obstruct the retrofits and require 260 significant changes to the proposed lay-outs or partial removal of RC members. 
299
For the specimens damaged to near-collapse and collapse damage states however, a reduction in 300 strength of 19.5% and 15.3%, respectively, is obtained. These observations suggest that a full 301 recovery of a severely damaged structure is not achievable with the proposed repair scheme and a 302 storey drift of 1.5 % for a damaged structure is introduced as reparability storey drift based on the 303 tested joints. 
377
A further layout is hence tested, using diagonal strips around the joint core with full wrapping of 378 beams and column (W2). This X-shaped retrofit is more effective than the orthogonal retrofit, not only 379 because of the direction of fibres, but also because the joint is more confined at its corners. The most 
391
successful in increasing damage in the beams and delaying joint shear failure. This leads to improved 392 ductility, with a more dissipative failure mechanism (+90%) and a higher load capacity (+36%).
393
Column-strengthening in interior joints 394 strengthening is often also required. Three distinct strengthening schemes for columns in beam-396 column joint sub-assemblies are identified in the literature and summarised in Table 2 
423
laminates at the corners of beams and columns in weak-column interior joints. The L-shapes are 425 anchored by full wraps on the columns and U-shapes on the beams (Fig. 2 (a) ). The effect of pre- 
432
Finally, using CFRP results in a stronger increase in capacity (up to +26%) compared to BFRP 433 (+11%), but a lower increase in ultimate drift (24% vs 49%). This is a consequence of the higher 
439
Column strengthening in beam-column joint sub-assemblies is a topic generally only interior joints using L-shaped FRP sheets between beams and columns ( Fig. 3 (a) ), or a pre-cured 460 CFRP strip along the top and bottom of the beams (Fig. 3 (b) ). For scheme (a), the type of FRP used 
470
exterior joints using CFRP sheets along the bottom of the beam, continued in an L-shape along the 471 interior face of the bottom column of two exterior joints ( Fig. 3 (a) ). Using two FRP layers and a simple 472 steel angle with expansion anchors for anchorage, the behaviour does not improve, due to debonding 
480
column joints by addition of horizontal strips of FRP on the top and bottom of the beams (Fig. 3 (b) ).
481
specimen, next to the CFRP, additionally two layers of GFRP L-shapes are applied at the four beam-483 column corners and anchored using GFRP wraps on the column (Fig. 3 (a) ). For the first retrofit,
484
initially an improved behaviour is obtained with an increased peak load of +24%. However, with 485 increased cycling, pull-out of the FRP strip is observed, leading to abrupt reduction in resistance and (Fig. 3 (b) ). Bidirectional GFRP U-wraps are also used to strengthen the joint in shear.
499
Investigating the effect of specimen scale (full-, 2/3 and 1/3-scale) for both retrofits, the gain in load 500 capacity is found to decrease with specimen size (from 27% to 12% for the shear-and from 24% to 501 5% for the bond-slip retrofit). Although the findings are based on a specific layout, they still mandate 502 caution when inferring results from scaled experiments.
503
Strengthening of beams near the joint to relocate the plastic hinge (PH) further along the (Fig. 3 (c) ), parallel to the beam-axis, anchored with CFRP 506 along the length of the column, which also serves to improve its flexural behaviour, leads to 507 successful PH relocation 150 mm away from the joint face.
508
This scheme would however not be applicable with slab and transverse beams and an improved angles, are used for rebar bond-slip enhancement (retrofit TR1). A variation of this scheme with 8 554 layers and two U-shaped steel anchors at the beam ends is also tested (TR2, as shown in Fig. 4 (a) ).
555
The latter prevents debonding and hence bond-slip observed for TR1, leading to much higher values 556 of drift and an increase in load of 52% (compared to 40%), but ultimately leads to joint shear failure. (Fig. 4 (a) 
612
There is 10% additional stiffness degradation per drift level for 3D compared to 2D specimens. 
640
In this section, retrofits with multiple strengthening objectives were discussed. The aim of 641 these retrofits follows the principle of capacity design. To protect the joint, in most analysed retrofits,
642
horizontal FRP, placed as U-shapes for exterior joints or L-shapes for corner joints is used. Pohoryles 
659
Analysis and Discussion
660
The state-of-the-art review presented in this paper highlights the vast number of experimental efforts 
670
It can be observed that most specimens (37%) are joint shear deficient (JTR) and retrofit layouts often 671 only focus on this deficiency. With this in mind, it is important to indicate a heavy bias in specimen 672 geometry in Table 5 , with 82% of tested specimens presenting no transverse beams or slab, hence 673 making the joint accessible for this type of shear strengthening. This joint geometry may however be 674 seen as overly simplified and hides potential practical issues with the proposed retrofit solutions. 
680
This results in a total of 41 specimens summarised in Table 6 
696
The increase in capacity due to FRP is strengthening is then calculated for all 41 specimens for the 
705
The equations for the strengthened joint shear capacity (Vf) in the three guidelines are summarised in 706 
715
As it can be observed, the equations are similar in nature, albeit different in their details. In particular, 716 the EC8 and CNR guidelines include the angle of principle stress, which is not foreseen in the ACI 717 guidelines. Between the CNR and EC8 guidelines, the EC8 equation includes an additional sin β 718 factor, as well as a separate equation for FRP strengthening that is not applied in a U-shape, but only 719 side bonded. The main differences between the guidelines lie however in the calculation in the 720 effective strength, ffe of the FRP, in turn related to the effective strain developed in the material.
721
The ACI equations calculate effective strain based on the geometry of the retrofit, i.e. for fully 722 wrapped members clause 11-6a is used, which limits the FRP strain to a maximum of 75% of the 723 rupture strain, while for U-wraps or side-bonded FRP, a bond reduction factor κv, is first calculated.
724
This factor takes into account the compressive strength of concrete, fc, the active bond length of FRP, 
735
The results of the analysis of the joint shear strengthening guideline equations are displayed in Table   736 6 for each specimen and summarised in Fig. 6 . Looking at the results, it can be observed that all three 737 guidelines achieve a relatively accurate prediction of the strengthened capacity. The CNR guidelines 
744
Looking at the equations in the guidelines, it would appear that a main reason for the CNR and EC8
745
guidelines performing better can be found in the use of the angle of fibres and the angle of principal 746 stress, which allows for a more accurate calculation of the contribution of the fibres in tension.
747
Ignoring this, leads to an overestimation of the FRP contribution as seen for the ACI equations. 
762
The full database is further analysed to assess the influence of scale and geometry, as well as of pre-763 damage, on the increase in strength and ductility of retrofitted specimens (Table 8 ). The analysis 764 confirms general observations from the review, namely that specimens without slab and transverse 765 beams (2D) present a higher effectiveness of FRP retrofit in terms of average strength increase
766
(+44% compared to +27%). Also, in terms of ductility, 2D specimens achieve a much larger 767 improvement (+63%) then 3D specimens (+38%). The effect of scaled specimens is less pronounced 768 for strength increase (+42% compared to +39% in full-scale) and reversed for ductility (+55% 769 compared to +63% in full-scale specimens). Finally, repairs of pre-damaged specimens are not, as 770 one would expect, less effective in increasing the load capacity than retrofits of existing structures
771
(+41% compared to +39%). This may be attributed to the replacement of damaged concrete by 772 stronger mortar. As a decrease in initial stiffness for repaired specimens is commonly observed, in 773 terms of ductility, repaired specimens present however a lower increase (+36% compared to +67%).
774
The geometry, scale and pre-damage of test specimens are hence crucial aspects affecting retrofit 
839
• Pre-damage: Generally, the extent of pre-damage affects the effectiveness of FRP repairs.
840
While moderately pre-damaged specimens can be repaired to achieve similar performance to 841 retrofitted counter-parts, for severely pre-damaged joints, the strength may not be recovered 
857
Using an axial load varying with lateral load, however, leads to an unfavourable effect on the 858 retrofit (Akguzel and Pampanin 2010 Pampanin , 2012b . In most experiments reported in the literature,
859
one constant value of normalised axial load is used, a majority of which using values from 0.1 860 to 0.2, as shown in Fig. 9 . This value can be deemed typical for lower storey columns. It is 861 worth noting that no axial load is applied in nearly 15% of studies.
862
• Effect of scale: The effectiveness of retrofits is seen to be reduced for full-scale specimens Table   879 5, most retrofitted specimens are exterior joints (54%), which generally are more critical, as, 880 unlike interior joints, these are not confined from four sides and are subjected to lower axial 
886
The analysis of the database together with a discussion of the factors affecting the effectiveness of 887 FRP retrofits highlights the need for assessing the practical engineering aspects of the retrofits. From 888 the reviewed studies, many ignore the presence of practical challenges to the retrofit application.
889
When these factors are included, it becomes clear that full FRP retrofits of structures will need to with a maximum of (11-11): Q + " ≤ 0.66T UV • X • 
